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It is designed to measure the Eluorescence 1light emitted from the
transitions 1S - 2P of Ly lire (3 = 1215 A) or 2P - 35 or 2P - 3D of
Hy line () = 6563 \), excited by the laser induced fluorescence nmethod.

The signal-to-ncise rattloe (5/%) 1is evaluated at the measurement in the

avameter (ng, = 1012 - 10" em~¥, T, = 10 eV - 1 KeV) of tokamak plasma.
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The light paths in JFT-2M and JT-60 tokamaks are proposed.
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1. Introduction /1
Measuring of neutral hydrogen atom density in plasma seems to be important not
only for consideration of the relationships between the flux of hydrogen atoms
and H mode but also for calculation of the fuel supply efficiency of reactors

and the combustion rate (Reference 1 and 2). To obtain the neutral hydrogen atom
density, there is a method which measures the emitted Hy line or L« line with a
photodiode or a photomultiplier tube. This method measures in continuous-time
but it is difficult to calculate the spatial distribution and the absolute values
accurately. This is because when it is calculated with Abelian transformation,
it is significantly influenced by the shape of the area near the plasma and the
measurement accuracy of that area and also the density of the center can not be
obtained due to the large difference as much as 109~ 7¢q3 between the center and
area around the center in the neutral hydrogen atom density. Also the flux of
the hydrogen atom can not be measured with this method. There is another method
which measures neutral particles emitted from plasma with a charge exchange
neutral particles analyzer. This method assumes the spatial distribution of the
neutral particles,then calculates the neutral hydrogen atom density with the
plasma parameters. A method which does not have the above mentioned weak points
is the Laser Induced Fluorescence Method (LIFM) which has the capability to
measure in continuous-time. In this method, the laser beam that has a wave
length corresponding to the energy width of arbitrary transitions of the hydrogen
atom is injected into plasma. Then the atom,excited by the laser beam, emits flu-
orescent light and the neutral hydrogen atom density is calculated by measuring

the change of the emitted light.

This report discusses the case that the signal to noise ratio (S/N),which is an
important factor for the measurement of neutral hydrogen atom density by the
laser induced fluorescence method with H, line transitions ( 1= 65633) or Ly line
transition (1 = 1215K) is applied to tokamak plasma. The past D-III measured
deuterium atom density (np) of 101273 (Reference 3) but measurement of hydrogen
atom density in the diverter of the ASDEX required much effort (Reference 4).

In Japan, Kyushu University is studying LIFM and it has been applied to tokamak

plasma (Reference 5).



In this report,the following three subjects are discussed. 1) Fluorescence of Hq
line emitted by excited hydrogen atoms at the n=2 level by laser beam. 2) Fluores-
cence of L, line in the same manner as 1). 3) Fluorescence of Hgline emitted
from the excited hydrogen atoms at the n=3 level by laser beam. To study the

S/N of these cases, the fundamental differential equations for calculation of
fluorescence is discussed first, and the present apparatus and physical quantity;
i.e, laser beam, detector, filter and other optics parts are described and also
the plasma parameters are described and lastly, the influence of calibration

method of the measurement apparatus and the magnetic field is discussed.

2. Fluorescence from neutral hydrogen excited by dye laser into n= 2+3 level

2.1. General

In the case that many hydrogen atoms collide with electrons in the plasma and

the atoms are excited by transition from the n=2 level to the n=3 level and

return to the low energy level in a short time, light is emitted. When the
electron temperature and density in this light (called fluorescence hereafter)

are known, the hydrogen atom density can be obtained by Hy line fluorescence
measurement. The fundamental experiment with this method was performed by Burakov
(Reference 6 and 7). Later,Hackmann (Reference 8) measured hydrogen atom density

with a tokamak apparatus and Muller (Reference 3) measured it with a Doublet II.

2.2, Fundamental formulas

The important fundamental formulas for understanding the method are described.

At first the following assumptions are made. The excitation from the ground

state to the n=2 level and to the n=3 level is only 2 kinds (1 -2 and 1 = 3).

(2 + 3 is neglected because it is small compared with 1 #3.) The energy density
of the incidence laser beam of the Hx line (6563%) is written u, . The polarized
light of the incidence laser beam and the fluorescence is negligible (Refer to

Appendix B).
The excitation rates, Rjp and R13, of the transition from level 1 to 2 and from
1 to 3 per unit time are

Riz =n,<o3v,> . Ru=n,<onuv.> 1

6.



The differential equations of each excitation level are

dnz./dt =R;2 ny + Asz n;+‘BnP(")ﬂz"All n, 2)

dny/dt =Rz ny - (An +An)n;~Bup(¥iny +Br o(v)n 3

where Bog [p(v) and Bgy p(v)) are the induced excitation and the induced emission
ratio by the laser beam respectively. The explanation for the other symbols is
shown in Table 1. The excitation and emission process of the energy in Equation
2) and 3) is shown in Fig. 1. The d/dt in Equation 2) and 3) equals 0 in the
equilibrium state. Here, the following 2 cases are considered.

i) The case of Ry3 = 0

From Equation 3),

ny/n =B p(v)/ (A +An +Bu p(v))

»

) p(v) g S
zg,P(" ./—{1“' =_-£ ————-———' 4)
giXelvy) Xp(vy) g: 1+S

where B23=B3283/g2, A32=B32=8ﬂ'h\)3/C3=f°(»L)t{g's'cm—z-x—%yz =p(J) V7.

ORIGINAL PAGE I3
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Table 1. Explanation of symbols

Aik : Natural emission ratio from i level to k level
(A32=4.3-107 s~ collision
=5.4+107 s71 no collision
A31=5.5'107 s71 collision
=0 s71 no collision
Ayq=t.7-108 71 collision
=6.3'108 s~1 no collision)
AwBik  : Induced emission ratio from i level to k level
PuBki . Induced absorption ratio from k level to i level
Wik : Induced emission (absorption) ratio, §PWHBik + Aik
P : Laser energy density per frequency,,Bnhvycyte”"r-li.
gi + Statistical weight
(g1 =6
gy = &4
g3 = 9)
i : Excitation cross section area from level i to level k by electron
Ve : Velocity of electron
Vg : Velocity of atom
Rik : Excitation ratio from level i to level k
Mg : Mass of electron
nj . Number of atoms at level i at the time of laser irradiation, atoms'cm_3
I EPN : Number of atoms at level i at the time of no laser irradiation
Ne : Electron density
A : Wave length (lo.: laser beam incident wave length)
$ : Laser irradiation output density Jrem 271
I : Laser irradiation output density J'cm‘zs_lﬁ_lsr‘1
fik : Oscillator strength for transition from level i to level k
AQ- : Solid angle
Tr : Transmittance of observation system
1 : Quantum efficiency
) : Frequency
Yo : Frequency of laser beam
c : Luminous flux ORIGINAL PAGE 18
: Mass of hydrogen atom OF POOR QUALITY
Tg : Temperature of hydrogen atom gas

8.



Also /4
X = (A32 + A31)/A32
S =9 (1) /(X (DV=p () (X p(vy) = Saturation Parameter 5)

% (1) =8rhc*3* = 123 Weem 2-4-1 = Required laser output for saturation.
Intensity of the Hx line depends on Equation 4) which is expressed with the
saturation parameter. The n3/n2 against the saturation parameter is shown
in Fig. 2. From the figure, S* is 1.7 at 637 and in the case that the collision
dominates (thermal equilibrium at the transitions of 3S,3P and 3D), X is 2.27
otherwise X is 1. For these values, the n3/n2 ratio is 0.8 - 0.9 when the
-2.4-1

laser power of 1 KW+cm is input.

<G V,>

I n =3 (35,3P,3D)
Rh Au .Aul L*&
Y am=21(25,2P)

RiZ AZ!

n=1(1S)

Fig. 1 Excitation and emission process of hydrogen atom at irradiation

of Lgline and Hg line
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Fig. 2 Excitation particle number against saturation parameter

i) The case of S$%>>1

Under the condition, from Equation 4),

ny/ny =g, /g, &

When the laser beam is applied, the equilibrium relations between the collision
excitation by the electrons and the radiation damping occurs at the n=1 level.
Thus

n10R12+n oR13 = n2Az1+n3As)
and n3/H2 is

n. N =Rz +Ru)/(g;/g,'An_+An) n .
When the laser beam is not applied, d/dt=0 in Equation 3) then,

N3 /n,. '—'Ru/ (Rn +Rn) 8)

The ratio of the number of particles of the case that the laser beam is applied
and the case of not applied at the n=3 level is obtained from Equation 7) and

8) and is

ny (Riz +Ris) (As +As) 9

0 30 Ru (ng"g, «An tAn)

In the plasma, the term of loss < ayv.>n. by collision excitation by the elec-
tron from the 3-level must be considered in Equation 8) and 9). Thus, Equation

8) and 9) are
10.
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N s R

= da)
nie AntAn+{oyv.>n,

LI (Riz *Riy) (Au+ A+ 7 o3v.>n,) 9a)

N1 Ris(g, /gy AntAut {ayve >0)

Zagve>ne 18 calculated by Reference 9) and is shown in Table 2. The R13/R12
in the plasma in the range of the electron temperature of 100eV to 1000eV is
about 0.18 (Reference 10). The increment of the hydrogen atom density at the

n=3 level is

Jny =ny -0y ={n;/ ny - 1) ny 10)

and the relationships between 4n; and nj is obtained as follows from Equation

8a) and 9a).

J { (1+ Ris/Rid(An+tAp+<oyn,>n) ]
ng= =1
! (an"Ru)(gz/g,‘_An*‘.-'\n+/\‘73 Ve >n.)

Riynge

* - 1
An +Antlov >n,

The variation of Am3/n10ne for T, with the parameter of n, in the range of /6
ne=107 to 1014cm_3 is shown in Fig. 3. From the figure, it can be seen that

[§n3/n10ne is about constant at Te>0.4KeV.

Table 2 Excitation ratio by the collision process from 3-level
(<o,ve >Dng )

Te \" [10% eon3 |10 em3 [ 10" cm3
50 eV | 3.7-10%| 3.7-10%s'| 3.7-10%s"
100 52 5.2 52
200 7.4 74 7.4
400 10.4 10.4 10.4
600 12.7 12.7 12.7
800 14.8 14.8 (4.8

1000 16.5 16.5 165

11.
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POPULATION RATIO Any/ {ngne) (10" cm)

N o (<] @ o N

(A3 ) 3L

Fig. 3 Number of excitation particles for electron temperature
(n10=107 - 1014 em 3

2.3 Signal to Noise ratio (§/N) in tokamak plasma

This paragraph discusses the parameters for JFT-2ZM and JT-60 plasma. The
background light is discussed in Appendix A.

1) S/N in the boundary layer

The following ranges are considered as the parameters of plasma.

~3

ne =10"" cm ne= 107" cem™? e=10-50eV,

Vv =10cm® . 40=8-107st . 4=05

where V is fluorescent radiation volume, s21is observation solid angle and ¢ is

transmittance of filter for the H, line. For instance, zln3 is obtained as

20-10%m™3 from Equation 11) or from Fig. 3 for the average values of njg =
lolocm‘3, ne=2-1012cm"3 and To=10eV. In this fluorescence, the fluorescence
entering the detector is
N, T=(dn, Au) Q- 8 4
-3

=3+10"s" em 12)

12,
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When the oscillation time of the laser is -t = 5:1070 and the quantum effici-

ency of the detector is -7 =5%, the number of photo-electrons per pulse of the

laser beam is

Npe = 7.5 10 13)
The number of photo-electrons of the background light per pulse is
.102
Nbpe = 8-10 14)

Thus the signal to noise ratio is

S N =Npe VN,e * 2Ngpe 15)

= 58

Therefore, there is no problem for measurement even though chere is indeter-

minacy from not considering the emitted light intensity of the background

light. However, the following items can be pointed out as methods to improve

the S/N ratio.

1. Use the photomultiplier having the highest quantum efficiency.

2. The S/N increases with further distance from the inner wall of the vacuum
vessel. (Decrease of njg is small compared with increase of ng and Te.)

2) S/N in the plasma core

Next, the range of the plasma, hydrogen atom density njg = 106-10 cm—3, ng

1013‘1[‘(:m_3 and Tg = 1-10KeV is considered. As the standard, the plasma of

nig = 107cm_3, ne = 5'1013cm—3 and T, = 1KeV is considered. In this case

Ang = 6500cm=3 and the number of photo-electrons, Npe is 220. The background

light is the same as Equation 14). /8
S/N = 0.2 16)

The fluorescence measurement in the plasma core is under the limit but the

measurement becomes possible by moving the measurement point from the plasma

core so that njyq increases.

The following items can be pointed out as methods to make S/N>1.

1. Increase the diameter S, of the laser beam or lengthen the observation
length to make the observation volume of fluorescence 10 times larger.

2. Perform the smoothing process with a high repetition laser oscillator

(100Hz) rather than 1 pulse of laser beam.

13.
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3. The background light is emitted from the place of low T, at the area near the
plasma thus, the wave length is shifted from that of the core. Therefore,
a filter can be used to shield the background light. The damping is around
1/3.
In the case that the smoothing process of item 2 is performed for 100ms, S/N is
S/N = 34 17)
This indicates that measurement of hydrogen atom density is satisfactorily
possible at the plasma core.
3) Calibration method (Reference 11)
As the calibration method, Rayleigh scattering with Ar gas or Np gas can be con-
sidered. When density of the filler gas is n,, the number of photons of the
2.1

incident laser beam is I, cm “*s™ ", the number of photons obtained from Rayleigh

scattering is given by
0R=n°¢R[oVJQ'/4: 18)

When the increment of the hydrogen atom density excited to n=3 level is Anj, the

number of photons @, of fluorescence is given by

Op=dnyAnloVI2 4re1S, 19)

From Equation 18) and 19),

(DF/OK=JH;.'\3:/(,n° d“)'rSl 20)

Now, when the pulse duration of the laser beam is around 10ns and I, of Equation

19) is replaced with ISJIO/Is (Reference 12) and when K is written as Equation 21),
K =ne 9y (@4 Asz /1, 50 21)

.’an; iS

dny =K /1, 0 22)

The advantages and disadvantages of this method are as follows.
Advantages
1. High spatial resolution thus, accurate measurement of hydrogen atom density
at the edge of the plasma is possible.
2. As the result of development of the laser oscillation apparatus having suf- /9

ficient laser output and pulse duration, continuous variation of fluorescence

14.



ORIGINAL PAGE IS
OE POOR QUALITY,

can be observed.

Disadvantages

1. Measurement of T, and ng is required besides measurement of the Hgline fluores-

cence.

2. Intensity of He line background light in the plasma dominates the value of S/N.

3. Components of non-thermal noise of the Hgline background light is important
but it is not clear.

4. A viewing damper is required for elimination of stray light from the laser

beam.

3. Lg 1ine fluorescence from neutral hydrogen excited by dye laser

The laser beam with the wave length of the L, line is obtained by converting the
laser beam of 36458 with krypton or beryllium gas to THG (Reference 3, 4, 13 to
15). XeCl excima laser excitation TMI dye laser oscillation apparatus is a laser
oscillator for this purpose. The characteristics of this apparatus are output
energy per pulse E=1.5 pJ(P0=1012/pulse),‘r=5;m,, band width*d3=l@43f and about
20Hz of repetition (Reference 15). When the laser beam of flux Po is input into

the optically thin gas, the absorbed power is

—dl/dt = (nl Wu—n, \V;] )Ch 1 4

=(n, g, /g, -ny) clg(v—v) Pe/ (B vt ) 23)

where Wi, and Wy are induced excitation and induced emission ratio by laser beam

respectively and are given as follows.

Wiz ="_g,/g|)wu

Wi, =c?Pog (v-ve) (8 7h vt o)

The actual emission spectral line is expressed with a Gaussian type or Lorentz's
type. This emission beam of the Lx line has Doppler shift due to the velocity
distribution of the particles. When the gas is in an equilibrium state, the
velocity distribution of the particles is Maxwellian velocity distribution and

the frequency distribution of the emission beam is Gaussian type g . (v=¥) , i.e,

15.
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g (v-w)=21n 2/ Vrdv,

cexp{ -4 (In2) (v-v) /(dvp)" ) 24)

where ‘d4vp is full width at half maximum which is given as follows.

dvp=2v V2kT In2/Mc? 25)

This is the Doppler width., The relationships between the velocity of particles

and the frequency is

dvp=v-vy =vC » v, 26)

By measuring the broadening of spectrum 4w, the particle velocity V at the
measuring point is obtained. Details of the particle velocity are not discussed
in this report. Now, tspont is related to oscillator strength f,; and is given
as follows.

tww=m,c’/"(8)\':e’vz fz1) 27)
When Tg=4-109K, the Doppler widthdZy is 0.55K from ., —_ i1/ . .- With
Equation 25) to 27) and with consideration of nj>>nj, Equation 23) is written

as follows.

dl/dz =(8310"n, fy 42 g, P,/ d1p8,

'exp{-4(ln2)(v—vo)’/(JvD)’) 28)

where ¢ dt = dz.
With f97=0.42, nldz=2'1010cm_2‘410 =0.552, 40&=10-Zsr, total transmittance of
the optical system T,.=0.12 and quantum efficiency:s =0.15 and since the absorption
power of the laser beam is considered as the increment of fluorescence, the
number of photoelectrons at the center (v;) of the spectral distribution is
obtained by Equation 28) and is

N.. = 1800 29)

pe
On the other hand, with So=1cm2, Tr=0.25 and =5 ¢s., the number of photoelectrons

16.
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of the background light is 3750. Therefore, S/N is

S/N =19 30)
As can be found in Equation 28), the signal is proportional to n; and S/N is
proportional to Jﬁi. The previously mentioned Rayleigh scattering can be used

for the calibration.

The following advantages and disadvantages can be pointed out for this method.

Advantages

1. The velocity distribution function of the hydrogen atom can be obtained by
measuring the spectral distribution.

2. The measured results are not related to ng and T,.

Disadvantage

1. The most sophisticated laser oscillator is required. Table 3 shows the

present status of laser oscillators for LIFM.

17.
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t- g~ - 13— jeb T 17 ¥y -
B BERL-F-RERER | BHhT ¥ - | BRV-¥- | AR 2@l | aAEELR
2—| &- f5- .
8¢k YAGL—-Y- 700 mJ o Tg 8~9ns 100 Hz
3 - s
Mitk| --------— ],.200 mJ| o @ | 1~5 us |20 Hz
(BRL—FIH)
4= 7~ 15
Stk| XL -4 - 400 mJ o Lf:] 15 ns 250 Hz
g - ST ]
N2 -4 4~10mJ o ] 50ps—~ 50 Hz
i0ns
Q’ (&
Ar (Z7U7r2) 18 W o T -———— cw
V-
o- to - (s -
Ar,' (X2 300 mJ; ~-—-— |%&% PR ~100 Hz
AtFT ) L-¥F-

20 -

gMT25,

i WQEHSHG(2mSﬂ&ﬁ$)m&ﬂXBTHG(3%ﬁﬁ&ﬁ£)ﬂﬁkﬁlﬁ$ﬂtk

Table 3 Present status of laser oscillators for LIFM
2- Solid

5- Excitation laser oscillator

1- Type
4~ Gas
6~-YAG laser

9-Ar(Krypton) laser

12-
15-
18-
20-

(Dye laser output)
Visible

Under development

Note :

7-Excima laser

10-Ary*(or ArF*) laser

13- Dye laser
16- Ultraviolet
19- Maximum cycles

Visible light can

3- Liquid
8- N2 laser
11~

Output energy

14~ Wave length

17- Pulse duration

N

be converted to ultraviolet by the crystal for SHG

(generation of double harmonics) or the gas for THG (generation of triple

harmonics).

18.
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4. I'1¢2’1ine fluorescence obtained by resonant excitation into n=1 +» 2 level /1

The fluorescence of the H, line spectrum emitted due to the transition from the

n=3 to 2 is measured when the excitation into the n=1 + 2 level occurred with the
laser beam oscillated by the Lx line. The absorption power of the laser beam is
previously mentioned in Equation 23). When the laser beam is being absorbed, the
number of Hx line photons emitted per second is obtained from Equation 2) and is

as follows.

dny A =Run,/(g,/g; * Au/An+1) 31

where n2=—g2/g3'n3exp(hu/kTg) and hv<<kTg. For n=3S, 3P and 3D level, the
electrons are distributed like a statistical distribution. Even in the case
that only the 3S and 3D level are excited, the slippage from Equation 31) can
be ignored (Reference 16). Ryon; in Equation 31) equals the fluorescence of
the Lx line emitted from the incidence of the laser beam oscillated with the
wave length of the L, line. The number of photons of the Hx line spectrum is
0.17 times ((=g2/g3'A21/A32+1)_1) less than the number of photons of the Lx line.
The quantum efficiency of the detector 7=0.1 in the case of the Ha line while 7y
=0.15 in the case of the La line. But the transmittance of the observation
system is twice more for the wave length of the H, line. Therefore, the number
of the detected H, line photons is 400 compared with the previously mentioned
1800. TIn a similar manner, the number of photoelectrons obtained of the back-
ground light is 860 thus, S/N is

S/N=29 32)
Therefore, the measurement by this method is possible. The following item can
be pointed out as the advantage of this method.
1. The H, line is less influenced by the optical parts than the Lo line thus

the longer optical path can be used which makes the magnetic shield easy.

5. Application to tokamak plasma /14
This chapter discusses some points at issue in the case that the laser induced
fluorescence method is applied to the JFT-2M and JT-60 tokamaks of the Japan

Atomic Energy Research Institute.

19.
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5.1 He line fluoresence in plasma boundary

When the neutral hydrogen atom density is obtained from the measurement of the
Hx line fluoresence, measurement of the electron temperature and density is
required. As the measurement apparatus for the above data, a Thomson scattering
measurement device and a probe measurement device are used. This equipment is
the established equipment for measurement so there is no problem for a general
experiment. Fig.4 (a) and (b) shows the arrangement which can measure the He
line spectrum using the JFT-2M and the JT-60. In the figures, the measurement
arrangement of the Lx line spectrum is also shown. In Fig.4(a), THG is located
in a lower position so that it is off the path of the incident laser beam and
in Fig.4(b), the path of the laser beam in which the laser beam goes from
bottom to top is adapted. For the light receiving system, the optical system

written "Hy" is used.

The output beam diameter of the laser oscillator is 5 x S mm’; it is magnified

4 times to 20 x 20 mm® with the lens with focal length £=120cm. To reduce the
stray light, pin holes are made at the focal point of the lens. The diameter

of the laser at the upper or lower port of the tokamak apparatus is about 3 cm.
The observation volume of fluorescence is about 10 cm’ and is measured from the
side (It is interesting to measure in the same direction but it requires more
studies ,thus it will be studied in the future.). A viewing damper and laser beam
damper are also installed to reduce the stray light. This influences the S/N sig-
nificantly,but this technique has been established for the Thomson scattering
equipment (Reference 17). To improve the S/N, the collecting lens is located

as close as possible to the plasma to increase the observation solid angle and
it is desired that the diameter of the lens or mirror is about 20 cm. With this
lens, fluorescence of the Hy line is collected on the filter (Band width:

about 20 K) and it is guided to the photomultiplier with the optical fiber.

(The location of the filter and the optical fiber can be reversed.) The photo-
multiplier has to be located far from the tokamak equipment and also it has to
be sufficiently magnetically shielded so that it is not influenced by the
magnetic field. This technique has also been established with the Thomson
scattering equipment (Reference 16). As an example, the characteristics of the
laser beam that fit this measurement are T =5gs P=5kW/A, 4i=101, E=250mJ/pulse

and the cycle is more than 10Hz.
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5.2 Hx line fluorescence in plasma core

In the case that the hydrogen atom density in the plasma core is more than about
107cm—3, ny can be determined by measuring the fluorescence. The optical system
is the same as the one mentioned in paragraph 5.1. The characteristics of the
laser beam that fit this measurement are T =5ps P =50k A, JZE‘ZGR.E=5J/pulse
and the cycle is more than 10Hz., This kind of laser oscillator belongs to the

highest class oscillators at the present time.
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5.3 Lgline fluorescence

When the hydrogen atom density is determined by measuring the L« line fluorescence,
measurement of the electron temperature and density is not required. The optical
system is the same as the system for measurement of Hy line fluorescence except
the laser oscillator, window, lens, filter and detector. The produceable dia-
meter of the collecting lens of the laser beam (32353) and the incident window

is around 3cm when LiF or MgF, is used for the glass material. The incident
laser beam is transformed to the triple harmonics with the gas (krypton gas cell
and etc.) for the triple harmonics generation (THG) in the vessel. Examples of
the optical system are shown in Fig. 4(a) and (b). The optical system in the
IN, port is used in the system shown in Fig. 4(b). The optical system written
with Ly in Fig. 4(a) and (b) is used for the light receiving system. In this
system, the observing system is important.i.e, when the system uses about lO—Zsr
of solid angle, the produceability of the satisfactory LiF lens has to be con-
sidered. Also the reflection system of the mirror has to be considered besides

the lens,but this is not discussed here and it will be a future study.

Some photomultipliers have Csl (used at less than 19503) or KBr (used at less

than 17OOK) on the cathode screen and the occurrence of absorption of oxygen on

the surface of the photomultiplier in the vessel is considered. This plays a

role a%. a filter for Ly line fluorescence. Usually the oxygen absorption cells

are installed as the filter. The excima excitation dye laser oscillator has a

35 mJ/pulse of the fundamental wave output (3647K) and 1012 (1.6‘10'3mJ) of photons
are obtained at the triple harmonics output (12154) after passing the Kr-Ar mix-

ture gas.

5.4 Ha line fluorescence from neutral hydrogen excited simultaneously by dye
lasers with Hex or L, lines

To eliminate problems occuring in the observation system for Lix line fluorescence

observation as mentioned previously, similtaneous excitation of neutral hydrogen

atoms by the laser beam with the Lx or Hx lines is considered. Incidence of the

laser beams with the Hx line and the L« line to the tokamak apparatus with the

coaxial optical system is required. Thus, matching of the laser apparatus is

necessary and it would be complex. However, when it is necessary to disconnect

24,
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the detector from the tokamak apparatus, adaption of this measurement system

should be considered.

6. Conclusion /18
It is possible to obtain the neutral hydrogen atom density by applying the
fluorescence measurement method to regular tokamak plasma with resonance ex-

citation of the Hx line. This method has the strong point of spacial resolution
compared with the natural emitted light measurement method of the Hx line but
calculation of the neutral hydrogen atom density requires the electron temp-

erature, T, and the electron density, n_, and accuracy of these is important. In

e
the case of less than no=105cm_3, the measurement of the hydrogen atom density

and the velocity distribution at the plasma core is difficult.

In the Ly line fluorescence measurement, the optical parts used are small thus
accurate measurement of the hydrogen atom density and the velocity distribution
in the shadow of the limiter is obtained. However, a long optical path in vacuum
conditions should be avoided because of consideration of the light receiving
solid angle and the self absorption of the optical parts. The simultaneous

resonance excitation by the Lx line and Hx line laser beam solves this problem.
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Appendix A: Intensity estimation of background light in tokamak plasma /20
The background light which becomes the noise component for measurement of the
hydrogen atom is mainly the emission light from the hydrogen atams surrounding the plasma. The
velocity distribution of the hydrogen atoms surrounding the plasma is the

Maxwellian velocity distribution. The slow velocity component of the

distribution is Tg=leV and the fast velocity component is Tg=30eV and close to

the Gaussian type. When the particles which enter the plasma are considered

with the fast component only, the average velocity of the particles toward the

plasma core is

a0
v,.= Z/s/;v.j; vgexp{ = (v /v, ¥ Jdv

=S VKT, /M= 4" 10 ¢m.“s

where M is mass of the hydrogen atom. For instance in the case of the hydrogen
atom density no=1010cm_3, half enter the plasma core and the other half is
considered to be returned to the wall and in this case, the particle flux is
ﬂovg/2=2’1016cm—2'8'1. In this particle flux, some of them are ionized or
turn toward the wall from the plasma core caused by the charge exchange recom-
bination. If the coefficient is 2, the particle flux locked in the plasma by
ionization is 1‘1016cm”2'8'1. The ratio of excitation of hydrogen atoms and
the ionization ratio are proportional and the ratio is 0.8 for the Lx line
radiation intensity and 10 for the Hx line radiation intensity. In the
observation in the horizontal direction, the background light is radiated in
4 space in all ranges. Thus the background light radiation intensity is
1.6°10Msr tem2s7! against the Hx line radiation light and 2-1089sr tem 2571
against the Lsline radiation light. The variation of number of the radiation

photons ny, and npy of the Hy line and the Lx line against Tg is shown in
Fig.5.
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Fig.5 Number of photons of Hx and L« radiation light for hydrogen atom

temperature
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Appendix B: Zeeman effect and polarization
The atom with the electron with the resultant spin quantum number S=0 is emitted
in the magnetic field. In this case, the spectrum of the atom changes due to effects of
the magnetic field. The spectral line by the Zeeman effect is the light emitted
when the transition in the different levels of the total angular momentum J of
the electron in the atom occurs and the frequency is shifted A) to both sides
of the frequency in the case of no existence of the magnetic field H.

dv=1ig pgH h

where g is the Lande's factor and #y is the Bohr magneton.

When it is assumed that the magnetic field at the outer boundary of tokamak plasma
is less than 2.5T. The split of the fluorescence by the magnetic field of 2.5T

is the result from the split of the G~ component of the normal Zeeman effect and
it is * 0.017A for the fluorescence of the L 4 line and +0.58 for the fluorescence
of the H« line. The split space of the ¢ component equals the Doppler broadening
AN observed at Tg=4eV for the Hy line and at Tg=0.13eV for the L« line. On the
other hand, the split is very small, about 0.154 for the Hx line and about 0.0054
X for the Ly line when the T component is excited by the polarized laser beam.
Therefore in either case, the split for the fluorescence of the L« line is very
small and the effect on the measurement results of the spectral distribution can

be ignored.

Also the Zeeman effect effects the polarization characteristics of fluorescence
and the angle distribution of radiation. When the magnetic field is 2.5T and
S<<1, the polarization of the fluorescence of the Lw line approximately equals
the polarization for the normal Zeeman triplet level. i.e, when the laser beam

is injected in the plasma in the same direction as the W polarized light, the
fluorescence is polarized. When the W component of 90° against the polarization
plane of the laser beam is observed, the intensity of fluorescence increases 1.5
times compared with the other cases. This is because the hydrogen atom is not

radiated in the direction of the magnetic field.

However, it should be noticed that the fluorescence of the Hx line is a little
polarized. When S>>1, the fluorescence of the hydrogen atom is radiated isot-

ropically and the polarization characteristics disappear.
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International System of Units (SI) and conversion chart

Table 1 SI fundamental unit and supplementary unit

- -7 & Pp-& %

4 k a ',ib;- + & m

5- N M. 40732 kg

6~ ™ mir b .

7 - & T =T A

g - AIJ’r‘Gr‘X‘h}_r- C K

7N n LN e mol

T 2 Mk F 5 cd

1~"F i mTE T ST rad

2.y i mil‘{;-?v':T,! 1
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Table 3 Derived unit having characteristic name
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10-

11-

12-
13-
14—
15-
16~
17~

Quantity of elect-
ricity, Electric charge
Electric potential,
Voltage, Electro-
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Magnetic flux

Magnetic flux density
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18- Celsius temperature
19~ Luminous flux
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21- Radioactivity

22—~ Absorbed dose

23—~ Duse equivalent
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1- Name
4~ barn
7- curie
10- rem
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Table 4 Units provisionally maintained with SI
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(Note)

1.

Table 1 to 5 are according to "International System of Units" Edition No. 5
in 1985 by the International Committee of Weights and Measures except the
values of leV and lu are according to CODATA of 1986.

Table &4 should include nautical mile, knot, are and hectare but were omitted
in this paper.

The "bar" is classified in the category of Table 2 in JIS only in the case
that it indicates pressure of fluid.

The "bar", "barn" and the unit for blood pressure "mmHg" are classified

in the category of Table 2 according to the EC Cabinet board of directors.
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Conversion Chart
1- Force
2- Viscosity 1 Pa—s(N's/mm’)=10P(poise)(gf(cm's))
3- Kinematic viscosity 1 m’/s=106s(Stokes)(cm’/s)
4~ Pressure
5- Energy, Work, Quantity of heat
6- cal (Weight and Measure Act)
7- 1 cal=4.18605 J (Weight and Measure Act)
=4,184 J (Thermochemistry)
=4.1855 J (15°C)
=4.1868 J (International Steam Table)
8- Power= 1 ps (power)
=75 Kgf-m/s
=725.499 w
9- Radioactivity
10- Absorbed dose
11- Exposure
12— Duse equivalent

13- (As of December 26, 1986)
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